We present analyses of a lacustrine sediment core (DY6) on Dongdao Island, which provides high-resolution paleoclimate records for the South China Sea (SCS). Results of element analyses indicate that the concentrations of Ti and Al in DY6 are much higher than the background on the island. Morphological characteristics of acidic insoluble particles are similar to aeolian in East China. Sr and Nd isotope compositions in these particles are consistent with those in Asian aeolian dust. We inferred that dust in DY6 may have been transported by East Asian Winter Monsoon (EAWM) from inland Asia. The continuous dust records for the past 1400 years in North SCS were presented based on the measured Ti flux, which revealed an opposite trend to the variations in the EAWM for the past 50 years. A comparison of wind fields between cold and warm years shows that north surface wind in southeast China was stronger in cold years. However, 850 hPa wind vector along the east coast of China, the key level of wind for long-distance dust transmission, weakened in cold years. We conclude that differences in the EAWM records can be attributed to the 850 hPa wind pattern in different areas.
T he dust cycle is an important component of the climate system on the Earth. Each year, about 2,000 Mt of dust is emitted into the atmosphere, a quarter of which is deposited into the ocean 1, 2 . This process brings abundant nutrient elements to pelagic oceans, thus promoting marine productivity and hence decreasing the atmospheric CO 2 . Dust in the atmosphere also increases albedo and cools the tropics 3, 4 . The importance of dust in long-term climate processes has been widely recognized. Dust fluxes during glacial periods were higher than interglacial periods in both hemispheres 5, 6, 7 . For example, climate modeling studies indicate that dust fluxes at high and low latitudes during the Last Glacial Maximum were 25 and 2.5 times higher than present 5, 8 , respectively. Stratigraphic records of dust are widely used as palaeoclimate indicators. Dust records from loess, pelagic sediments, lacustrine sediments and ice cores provide valuable information about climate changes at source regions, and transporting pathways of atmospheric circulation 1, 2, 9, 10, 11 . In East Asia, most dust originates from the Taklimakan Desert and Gobi Desert. Because the Taklimakan Desert is surrounded by plateaus and mountains, dust from this area must be lifted up to 3,000 meters before it can be transported into the upper atmosphere by westerly 12, 13 . On the other hand, dust from the Gobi Desert can be more easily transported by the lower layer East Asian winter monsoons (EAWM). For example, the Chinese loess is the result of dust deposition and its grain size has been used to reconstruct the East Asian Monsoon System. Dust records from lacustrine and shelf muddy sediments at middle-high latitudes are also used to trace the evolution of the EAWM 10, 14, 15 . However, high-resolution dust records in low latitude regions are relatively rare 16, 17 . Because dust flux is relatively lower in these areas, it is difficult to separate dust signal from local geological background 18, 19, 20 . Furthermore, historical climate records indicated that the strengths of summer and winter monsoon were not negatively correlated during AD 700-900 21 . The relationship between dust in low latitude areas and the EAWM remains to be explored.
In East Asia, the southern branch of the EAWM flows along the east coast of China accompanied by strong cold surges on the pathway, and invades the SCS from the northeast 22 . As a potent transporting force of terrigenous dust for the tropical western Pacific, it is controlled by the Siberian High, the Arctic Oscillation, the Subtropical High, and the East Asian Trough 10, 23, 24, 25, 26, 27 . The EAWM is not only an important part of the Asian climate system, but is also related to El Niño/Southern Oscillation, which establishes a link between high latitude and tropical systems 22, 27, 28, 29, 30 .
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SUBJECT AREAS: PALAEOCLIMATE CLIMATE CHANGE
In this study, we present a continuous terrestrial dust record for the last 1,400 years in a lacustrine sediment core from Dongdao Island in the SCS. This allows us to investigate the climate significance of low latitude dust records, providing a basis for understanding the interactions among climate systems. (16u399 , 16u419N, 112u439 , 112u459E) is located in the north of SCS ( Figure S1a, b) . It is derived from an individual coral flat from the mid-late Holocene 31 . The island is elliptical shaped and northwest-southeast oriented ( Figure S1c ). The southern and western shores of the island are surrounded by 5-6 m high sand barriers, which are covered by thriving vegetation. The soil on this island is composed of coral sand, shellfish fragments, humus and guano. It is notable that the main components of the common soil, such as silicate, quartz and oxide, are absent on this island. A crescent-shaped brackish water lake, named Cattle Pond, is located near the southwestern sand barrier of Dongdao Island ( Figure S1c) . It is about 150 meters long with a maximum width of 15 meters. The local climate is influenced by the Asian monsoon system. At the nearby Yongxing Island Observatory, the annual relative humidity is 81%, with clearly distinct dry and wet seasons. The annual rainfall is about 1,500 millimeters, 87% of which occurs from June to November due to the effect of the Asian summer monsoon and typhoon precipitation. The water level of Cattle Pond also varies with the alternation of dry and wet seasons 32, 33 . . For example, the unique and well-sorted fine coral sand section with high MGS at 58-69 cm of DY4 is found at 113-114 cm of DY6, thus the age of this fine sand section in DY6 was inferred to be about 926 6 30 yr. cal. BP ( Figure S2a , b) 33 . Similarly, we identified two other additional matched signature points (1160 AD and 1539 AD) where AMS- 14 C dates were available in DY4. The ages of the other sections were then estimated by linear interpolation ( Figure S3) .
Results
Dongdao Island
Furthermore, the concentrations of 210 Pb ex in the top 14 cm of the DY6 core decreased with depth, indicating that the upper sequence of DY6 has not been significantly disturbed. The chronology derived from the Constant Rate of Supply model of 210 Pb ex indicates that the top 13.5 cm of DY6 spans 140 years 34, 35 , corresponding to a deposition rate of about 0.11 cm?year 21 in the upper part of DY6. The characteristics of element concentrations in sediment cores are controlled by geological and environmental factors. Concentrations of typical elements can reveal important environmental information 36 . We analyzed major elements and several trace elements in the sediment core DY6. Three suspected major inputs of sediment were also analyzed 29 , including pure coral sand collected from the beach, bird droppings and six kinds of plants around the Cattle Pond.
The element concentrations are listed in Table 2 . Because coral sands are mainly composed of calcium carbonate, the concentration of Ca is up to 38% and Sr is 0.4-0.7%. Fe, Ca, P, K, Na, Cd, Cu and Zn are rich in the bird droppings. These elements are accumulated by crustaceans and fish in the food web, and brought by sea birds from the ocean to the island. Several bio-active elements, such as Ca, Mg, K, Na, Fe and P, are enriched in the plant material. It is notable that the sediments have much higher concentrations of Al (110.6 mg/g) and Ti (4.25 mg/g) than the three major types of sediment input. Concentrations of chemical elements are also influenced by the decomposition and mineralization of organic remains in sediments. However, the pH of the Cattle Pond lacustrine sediments ranges from 8.08 to 9.6 (n 5 30) 32 . This alkaline reductive condition can inhibit decomposition of organic matter. Indeed, large leaves and seed remains can be easily found at different depths in the sediment core. Therefore, the high concentrations of Ti and Al in the sediment core are likely not due to the decomposition of plants and guano.
In order to understand the potential sources of elements in sediment core DY6, the main inorganic elements were subjected to a cluster analysis. The hierarchical-clustering result ( Figure S4) shows that Ba, Sr, K, Na, Mn, Mg and Ca are in one cluster. These elements have significantly positive correlations and are mainly concentrated in the foliages and coral sand in the Xisha Islands. Cd, Cu, P, Zn, Cr, Ni, Fe, Pb, Ti and Al form another cluster, suggesting that they may derive from the same source or sources, under the same control. Cd, Cu, Zn and P are typical elements in bird droppings 32, 36 . Al, Ti and Pb form a highly correlated cluster. In particular, because Al and Ti are generally low in organisms, they are not biological elements or typical elements found in ornithogenic sediments 34 . Figure  S5 ). Because north wind prevails in the SCS in the winter half of the year, the most likely source of the extra Ti and Al in the sediment is the aeolian particles brought by strong winter monsoons from the Asian continent.
The morphology of particles was used to identify the source of sediments 45, 46 . We used an SEM and an optical microscope to examine the morphology of the acid-insoluble remains in the sediment samples.
Under optical microscope, yellow acid-insoluble particles are distinct from other translucent reborn crystals ( Figure S2c-f and Figure  S6b ). Their shapes, including flakes, granular, stripe-shaped, prismshaped, columnar and angular, are similar to the dust particles collected in Hefei in Central China during a dust storm in spring, 2010 ( Figure S6f) , while the grain size is obviously smaller, and sub-samples with high Ti (Al) concentrations contain notably more irregular grit particles (Figure S2c-g ).
The grain sizes of acid-insoluble particles range from 1 to 30 mm ( Figure S6a -e, Figure S7a-d) . These particles are sub-angular shaped with conchoidal sections. These characteristics are similar to those of the paleosoil from the Dukso area in Namyangju City, Korea 47 and quartz from ODP 1146 in the northern SCS 46 ( Figure S7e, f) , which are thought to originate from dust brought by the EAWM from the central Asia. Furthermore, field emission X-ray spectra results confirm that the common element associations of most particles include (Si, O, Na, Ca, K), (Si, O), (Si, O, Al, Fe) and (Si, O, Al, Ca, K, Ti, Fe) ( Figure S8 ), which are the major components of silicate and pure quartz. Therefore, it is probable that the acid-insoluble particles in DY6 are dust transported by the winter monsoon from central Asia.
Larger grain size and a high accumulation rate of dust have been considered indicators of strong winter monsoons or winds in dust source region 16, 17, 48 . Although the amount of dust flux in the Cattle Pond sediments is too low to reveal the grain size records, the terrigenous Ti and Al components are useful indicators. We used Ti as an indicator because all three inputs of marine and island sources contain much less Ti than Al (Table 2) , minimizing the influence of non-terrigenous sources of Ti in the sediment core.
Discussion
Ti flux in the northern SCS over the last 1400 years is shown in Figure 4f . Relatively high (650-800AD, 1000-1200AD) and low (1300AD-1850AD) Ti flux periods apparently coincided with the Sui-Tang Warm Period, Medieval Warm Period, and Little Ice Age, respectively. It's worth noting that the trend of Ti flux is obviously opposite to the Siberian High (SH) and Arctic Oscillation. It is widely accepted that the EAWM is linked to Siberian High and Arctic Oscillation 49, 50 . Thus, a negative correlation between Ti flux and SH indicate that the relationship between this dust record and the EAWM is different from the other Asian dust records 11, 15, 51 ( Figure 1 ). To explain this seemingly counter-intuitive observation, we focus on the recent 110 years with instrumental meteorological and monthly mean zone wind data. Ti flux in the Cattle Pond is negatively correlated with the EAWM index inferred from the East Asian trough 24 . The winter surface air temperature (WSAT, with 5-year smoothing) in South China during 1952-2008 is also correlated with the Ti flux (r 5 0.81, P , 0.002, N 5 12) (Figure 2b) . Furthermore, similar to the pattern during the last 1400 years, the Ti flux also showed a trend opposite from the SH 52 and AO 50 in the last 110 years. Long-range transport of dust is a complex process. Environment at the source, dynamics of transportation, and regional climate at deposition sites all influence dust flux and grain size. Although the cold-wet and warm-dry associations of climate in arid northwestern China was opposite to the cold-dry and warm-wet associations in subtropical during late Holocene 54, 55 , atmospheric dust loadings in cold year was higher than in warm year and dust storms generally occur more frequently in cold years in east Asia 53 . Thus the environment at the source is not the main forcing of the dust record of Xisha Islands. Secondly, the precipitation records exhibit a similar trend to dust flux 35 , but contrasting wet and dry seasons characterize the SCS climate. Considering the prevailing wind of this area, the deposition of the aeolian originated from the central Asia should happen in dry season (November-March). Because rain season is May-October in this region, dry deposition is more important than wet deposition in SCS. We therefore attribute the abnormal variation of dust records is to the dynamics for dust transport. It has been shown by satellite and radar measurements that the dust clouds far away from the source region are mainly located at the 850 hPa and 400 hPa levels 56 . However, there is no southward vector at the 400 hPa level zone wind as shown by zone wind data in winter and spring. Therefore we focus on whether the 850 hPa wind vector was consistent with dust flux in the SCS.
We used WSAT to select cold and warm years and performed a composite wind pattern analysis. We defined cold and warm years as those that were colder or warmer than the average WSAT between 1952 and 2008 by at least 1uC. Based on this criterion, the cold years include 1955, 1957, 1964, 1967, 1968, 1972, 1974, 1977 and 1984 , while the warm years include 1979, 1987, 1999, 2001, 2002 and 2007 (Fig. 2a) . Most cold years were before 1985. Fig. 3a presents the composite differences of the 850 hPa wind vector between the cold and warm years over the western Pacific. Importantly, northern winds at the 850 hPa level around Taiwan Island were weaker in cold years than in warm years (Fig. 3a) . This is opposite to the surface north wind at the 1000 hPa level (Fig. 3b) , which is stronger in cold years and directly influences WSAT. This difference in the patterns of northern wind strength in cold and warm years between 850 hPa and 1000 hPa levels apparently explains the negative correlation between Ti flux and the EAWM, SH, and AO, which are primarily reflected by a north wind at the 1000 hPa level.
As Figure 4f sharp rise occurred around 1300 AD. The dust input remained high until 1350AD, which was considered the midpoint between the ''Medieval Warm Period'' (MWP, AD 800-1300) and ''Little Ice Age'' (LIA, AD 1400-1850) in the northern hemisphere 57, 58, 59 . However, there was no high value during the LIA, with only a moderate value around 1600AD. At the end of the 19th century, Ti flux increased gradually and remained at an extraordinarily high level after the 1980s. In general, the dust flux was relatively higher before 1300AD than in the LIA. The dust records from the Aral Sea and Chinese historical documents 53 show similar trends and are related to the SH and AO indices (Figure 4) . In contrast, dust records by Ti concentrations in the Xisha islands showed different patterns over the last 1400 years. The dust fluxes during the Sui Tang warm period (STWP, ,AD 650-800), the Medieval Warm Period (MWP, ,AD 1000-1300) and the Recent Warm Period (,AD 1850-2000)
were obviously higher than in the Little Ice Age (LIA, ,AD 1400-1850).
In summary, we performed elemental geochemical analysis of the sediment core DY6 from the SCS and discovered the presence of terrigenous dust and a corresponding enrichment of Ti and Al. Using Ti flux as an indicator of dust flux, we reconstructed a 1400 year record of dust flux in the SCS and correlated it with historical meteorological parameters including the EAWM, WSAT, SH, and AO. There exists a seemingly counter-intuitive negative correlation between Ti flux and EAWM. By using zone wind data, we explained the historical Ti flux variation by considering northern wind strength at the 850 hPa level, which is known to be one of the primary longrange transporting forces for dust. While terrigenous dust can be used to indicate EAWM, the relationship is complex and depends critically on the atmospheric level of the transporting wind. sand and fresh guano were also collected around ''Cattle Pond''. The sediment core was sectioned at 0.5 centimeter intervals and dried in a clean room.
The organic matter in the subsamples was removed by adding 15 ml H 2 O 2 (30%) and heating to 65uC for 2 hours. The remains were homogenized in 0.5 mol/L (NaPO 3 ) 6 by ultrasound, and then analyzed with a particle size laser analyzer (BECKMAN, LS-230).
For the analyses of the inorganic elements, about 0.25 g of each ground sample was treated in multi-acids (HNO 3 : HCl: HF: HClO4 5 3515151) in a PTFE crucible on a platen heater, until the acid liquor was pellucid. Residual acids in the crucible were removed and the remains were dissolved in HCl (2%). A total of 16 inorganic elements in the samples (including Na, K, Ca, Mg, Mn, Fe, Ti, Al, Pb, Zn, Cu, Ni, Cd, Sr and P) were analyzed by Inductive Coupled Plasma-Atomic Emission Spectrometry (P.E Ltd, Optima 2100 DV). The precision and accuracy of those results were monitored by analyzing standard reference materials in every batch we analyzed. The analytical errors for major and trace elements were within 60.5% and 65%, respectively.
For morphological analysis on sediment particles, about 2 g of selected samples were soaked in HCl (2%) and H 2 O 2 (10%) successively, and heated to boiling for 5 hours to remove carbonate and organic matter. The remains were washed in deionized water and carefully collected to examine under an optical microscope (OLYMPUS, DP70) and a SEM (Philips, Sirion-200). The main elements in the particles were determined by X-ray energy spectroscopy.
The acid-insoluble remains in the depth of 100-102 cm and 140-154 cm were collected after removing the organic matter and carbonate by H 2 210 Pb, and 226 Ra were measured by gamma spectrometry with a low-energy germanium detector (ORTEC, HPGe GWL).
Some caryopses collected at 61 cm and 157 cm depth of the DY6 core were subjected to radiocarbon analysis. These caryopses were treated with HCl (0.1 mol/L) and washed with deionized water to remove contamination such as carbonate and plant remains.
14 C activity was determined using the Accelerator Mass Spectrometer facility at Department of Earth System Science at the University of California, Irvine. The AMS radiocarbon dates were expressed in conventional 14 C yr BP ( Table 1) . The estimated radiocarbon dates were then calibrated into calendar years before the present (cal. BP) with the program CALIB version 4.3 and atmospheric data 61 . Because radiocarbon results of terrestrial caryopses were used, the ''old-carbon'' effect could be minimized.
In this study, we used the monthly mean surface air temperature of the South China Sea (east of 105uE and south of 27uN) from 1952 to 2008 provided by the China Meteorological Administration. The monthly mean zone wind data since 1948 were obtained from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) and reanalyzed on a 2.5u 3 2.5u grid. The winter half-year mean surface air temperature (WSAT) was constructed from the monthly means by averaging the data from November to March (NDJFM).
